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ABSTRACT

We describe the new capability of and present meas-
urement results from the PC/FRAM plutonium isotopic
analysis code. This new code allows data acquisition from
a single coaxial germanium detector and analysis over an
energy range from 120 keV to above 1 MeV. For the
first time we demonstrate a complete isotopic analysis
using only gamma rays greater than 200 keV in energy.
This new capability aliows the measurement of the pluto-
nium isotopic composition of items inside shielded or
heavy-walled containers without having to remove the
items from the container. This greatly enhances worker
safety by reducing handling and the resultant radiation
exposure.  Another application allows intemational
inspectors to verify the contents of items inside sealed,
long-term storage containers that may not be opened for
national security or treaty compliance reasons. We pres-
ent measurement results for traditional planar germanium
detectors as well as coaxial detectors measuring shielded
and unshielded samples.

INTRODUCTION

The FRAMP plutonium isotopic analysis code'? was
initially developed during the late 1980s, programmed in
FORTRAN and operated on a VAX/VMS system with
Canber.a Series 90 hardware. This system has been in
routine operation at the Los Alamos Plutonium Facility

*This work is supported by the US Department of Energy,
Office of Nonproliferation and National Security, Office of
Safeguards and Security, and Stockpile Support Program.

bFRAM is a word of Scandinavian origin mesning
“forward” or “onward." It is also an acronym meaning
“Fixed energy, Response function Analysis with Multi-
ple efficlency" and as such describes the working princi-
ples of the code.

since 1988 and has been used to assay nearly 10 000
items. The data acquisition and computer hardware are
now obsolete and the requirement for a more modem and
widely acceptable computer platform has led us to rewrite
the code. In addition to rewriting the code in C to operate
on a PC under Windows 3.1, we have significantly
enhanced the functionality and flexibility of the code (now
called PC/FRAM) enabling it to operate in modes never
before possible with a single software package. The
details and user characteristics of the PC/FRAM software
are described in another paper at this meeting.

The most significant new capability of the PC/
FRAM code is the acquisition of a wide-range energy
spectrum with a single coaxial detector. This allows not
only the customary analysis range of 120-420 keV, previ-
ously used only with planar detectors, but also permits
analysis of the same spectral data at energies up to and
above ] MeV. This second analysis method enables the
user to obtain a complete isotopic analysis (**Pu through
Wipy, ¥'Am, other isotopes, and *?Pu by correlation)
using only gamma rays above 200 keV. (A complete
analysis with gamma rays above 300 keV has also been
demonstrated.) Now users can measure the isotopic distri-
bution of plutonium-bearing items inside thick-walled or
shielded © stainers without having to remove the items
from the container.

DATA ACQUISITION

The new code preserves all the functionality of the old
code allowing data acquisition and analysis with a single
planar detector in the energy range up to 420 keV. Most
of our experience with both the old and new codes using
planar detectors has been with spectra taken in 4096 chan-
nels at a gain of 0.1 keV/channel. However, the flexibil-
ity of PC/FRAM allows, without software changes,
analysis of planar or coaxial detector spectra taken at any
reasonable gain. As just one example (others will be
given later), we have analyz 1 data taken with a single



planar detector in the energy range from 120-300 keV with
4096 channels at a gain of 0.075 keV/channel.

The current emphasis, presented here in more detail,
has been to acquire one spectrum with a single coaxial
detector spenning the energy range from 0 to 1024 keV in
8192 chann ls, a gain of 0.125 keV/channel. We use a
coaxial high-purity germanium (HpGe) detector of
approximately 25% relative efficiency with nominal low-
rate, long-time-constant resolution of <1.75 keV at 1332
keV and <750 eV at 122 keV. We typically acquire spec-
tra using a 2-ys (triangular shaping) time constant at an
input rate of approximately 30 kHz, when possible. With
this single detector and single set of data acquisition

conditions, we are able to acauire and analyze data from
both “normal™ and “shielded” items without changing any
measurement conditions. If the sample is “normal."
meaning gamma rays in the 120 to 200-keV range are
present with meaningful intensities, we obtain the best
results by analyzing data in the energy range from 120-
450 keV. If these lower-energy gamma rays are absent,
usually because the item is packaged in a heavy-walled or
shielded container, we analyze the spectrum remaining
above 200 keV, obtaining Py at 642.5 keV and *“'Pu at
766.4 keV. We show gamma-ray spectra from a low-
burnup item in a “normal” and shiclded container in
Fig. 1.
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Fig. 1. Coaxial-detector gamma-ray spectra from shielded and unshislded low-burnup plutonium.

IMPROVED ANALYSIS CAPABILITY

These important new anaiysis capabilities are made
possible by improvements in the background-continuum
subtraction routines. We define the background under-
neath each peak region by specifying up to four back-
ground regions of interest (ROI) of arbitrary size and
location in the spectrum. For each peak region, the user

can choose from seven functional forms for the shape of
the background continuum underneath that region. The
chosen functional form is then fit by least squares tech-
niques {o the data in the specified background ROlIs. The
seven functional forms are (1) zero-slope straight line, (2)
sloping straight line, (3) zero-siope smoothed step func-
tion, (4) smoothed step function on a sloping straight
line, () quadratic, (6) exponential, and (7) bilinear
smoothed atep function (different siopes at the entrance



and exit to the region). The previous FRAM code forced
all background ROIs to be the same size for a given peak
region and limited the maximum number of channels
defined for the background. Both of these significant
restrictions have been removed in PC/FRAM.

While one may legitimately question the accuracy of
the background continuum calculated over a wide energy
region, nevertheless, we calculate this continuum over &

55.keV-wide region encompassing nearly 430 channels of
data to fit the complex of peaks between 640 and
662 keV. This region i3 vital for measurements on
shielded samples because it contains the only *“Pu peak
above 200 keV. Such a background calculation and peak
fit was not possible in the previous FRAM code. The
ability of the PC/FRAM code 1o fit the data in this region
is displayed in Fig. 2.
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Fig. 2. PC/FRAM fis 10 data (n the 640-keV region. The background continuum under the paak regilon i3
calewated from RO dasa at 628, 63y, 671 and 683 keV. Thirteen peaks are fitied berween 637 and

664 keV.

All of the parameters governing the definition of the
background continuuia are stored in an easily accessibls,
cuslly odited database accessed by the PC/FRAM software.
This user-editable parameter database is one of the princi-
pal features of PC/FRAM that makes the code versatile
and sdaptable without expensive, time-consuming soft-
ware modifications.  This versatility atlows the user to
switch among different detectors or data acyuisition condi-
tions or both without reprogramming. An example of the
many data acquisition conditions that have been wed with
PC/FRAM i1 given in Table 1.

TABLE 1. Example of Data Acquisition
Condidons for PC/FRAM

1 (most widely g#g condliiony in bold) ‘

Analysis Gain

Detector _(eV) (keVieh)

Planar 120-420 0.1
120-307 0.075
Coaxisl 120-460 0.128%

120-460 0.28
300-800 0.128
300800 | 0138

(Shislded items)
L (Shielded itetns)




APPLICATION OF PC/FRAM

The most significant new application permitted by
the new PC/FRAM code is the complete isotopic analysis
of spectra acquired with a single coaxial detector from
items in shielded or heavy-walled conuwiners (Fig. 3).
Now, for the first time, facility operators will rot have to
unpackage items in shielded containers before performing
an isotopic measurement. This avoids the additional radia-
tion exposure that this extra handling produces in facilities
that empioy other isotopic analysis methods. This new
application also permits safeguards inspectorates to verify
or measure items in heavy-walled storage containers with-
out opening the container or handling the items: actions
that might compromise sensiive or classified infor-
mation. Below we show measurement results for the two
most imporant parameters extracted from plutonium iso-
topic measurements, the effective specific powsr P, used
with calorimetry measurements and the effecive *°Pu
fraction *°Pu,, used with neutron coincidence counting
measurements.

We display in Fig. 4 the bias of P,y and **Puy, for
data analyzed from 200800 keV. Some of the messure-
ments were taken with lead shiolding surrounding the
sample (see bottom spectrum in Fig. 1) while others had
no shielding but were analyzed as if they were shislded.
We saw no differences in the two sets of analyses. These
data typically consisted of 10-15 repeated measurements of
| hour each. The accepted value of the *'Pu fraction was
entered by the oporator for each measurement sequence.
The P,; data show essentially no bias with 2*Pu content
whils the *°Pu,, daa show a small but definite *Pu.
dependent bias arising from & bias in the measurement of
the **Pu fraction. We do not completely understand the
reason for this blas and are studying it. The % relative

standard deviation (RSD) shown in Figs. 4-6 is the RSD
of the distribution of the bias data points.

The same coaxial detector data (unshielded samples
only) shown in Fig. 4 were also analyzed in the more
traditional lower-energy range: 120-450 keV for this data.
The results for P,y and **Pu,, are shown in Fig. 5. Here
we see excellent results for P,, and somewhat poorer
results for #*°Pu,, on low-burnup samples, The poorer
results for **“Pu, probably arise from the difficulty in
calculating the correct background for the weak peak com-
plex at 160 keV in the presence of a changing slope for
the background continuum under this region. We are
working on this problem.

The benchmark to which the coaxial detector meas-
urements should be compared is ‘“conventional" planar
detsctor data from the 120-420 keV region. The new
PC/FRAM system with a planar detector is every bit as
good as the previous Vax-based sofiware system. We
display bias results for PC/FRAM with a planar detector
in Fig. 6.

These results for bias (Fig. 4-6) show that overall a
planar detector is still the PC/FRAM detector of choice
for sampies that are not shielded, although the coaxial
detector is at least as good, if not somewhat better, for P,q
with unghielded items. With shielded items there is no
comparison t0 be made because PC/FRAM s the first
code to demonstrate a complate plutonium isotopic analy-
sia using only gamma rays above 200 keV. The RSDs
displayed in Figs. 4-6 can be viewed as a typical
“accuracy" for the measurement of the specified parameier.
These values are tabulated in Table II.

Similar plots (Fig. 7) can be displayed for the
measurement precision or repeatability. The values for

Fig. 3. Siorage containers that no longer have 1o be opened to perform isotopic analysis meas-

uremants. Coniainer on right is lsad.lined while coniainer on lef can store dismantied weapons

componenis,
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Fig. 4. Bias of coaxial desector measurements of effective specific power and effective **Pu fraction
with analysis of gamma rays from 200-800 keV.
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TABLE I1. Typical Measurement “Accuracy” From the Distribution of Observed
Meaaurement Bias on Individual Items (%RSD)
Detector/Measurement | - WPy
Planar, 120-420 keV 0.30 0.57
Coaxial, 120-450 keV 0.21 1.9
Coaxial, 200-800 keV 0.37 1 1.96

the measurement precision are calculated for each item as
the RSD of the 10-15 (typical) repested measurcments of
the tabulated parameter. The measurements were made
without replacing the sample. All measurement precision
data are for 1-hour measurements.

For lower mass items (<30 g) the trend is fairly clear
with the shielded coax analysis in the 200-800-keV mange
giving poorer precision than the other two methods. For
the <30-g mass range, the 120-450-keV analyses with the
coaxial and planar detectors are similar. The poorer

precision of the 200-800-keV analysis is expected because
the important gamma rays at 642 and 766 keV are much
less intense than their counterparts below 200 keV. The
higher mass items gain back some of this deficit in the
analysis above 200 keV because the greater penetrability
of the gamma rays with energies greater than 600 keV
allows the detector to effectively sample a larger fraction
of the item than that sampled at lower energies. The
planar detector may still have a slight edge in precision for
higher-mass items while the two coaxial detector analysis
modes appear to be similar.
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Fig 7. Precision of repeated measuremants of effective specific power for measurements taken with three

detector/measurement combinations.

Figure 8 displays, in the same fashion, the measure-
ment precision for *Pu,, .

The trends and comparisons among the three
measurement sets are similar to those in Fig. 7 for P,
except the absolute magnitude of the precision is about 4-
5 times larger.

CONCLUSIONS

We can accurately and precisely measure the pluto-
nium isotopic composition of arbitrary samples contained
in heavy-walled or shielded containers, packaging configu-
rations heretofore unmeasurable. We camy out these
measurements with a single coaxial HpGe detector which,
without changing instrument settings, can acquire and
analyze data from 120 keV to above 800 keV. The

flexibility of the new PC/FRAM code allows these
measurements without software reprogramming.

This enhanced capability now allows operators to
measure shielded containers without handling and unpack-
ing them before measurement. This significantly reduces
the radiation dose to plant personnel and increases safety
margins th.ough less handling of plutonium-bearing
containers.

The measurement accuracy and precision for P,, and
Wpu,, for coaxial detsctors are entirely adequate for
accountability measurements in DOE facilities and in
some cases meet or exceed the quality of measurements
from traditional planar detectors. This capability is now
available in the new PC/FRAM code with over a dozen
installations in place or planned worldwide.



gw — - S — .
_ :{ 4

§ i b, s 8

. 8 aaa ° L " A

T 1 gt 'é- 2

: —

.§ o Planar, 120-420 eV

- G Coaxial, 120-450 keV

§ 0.1 o o A "Shielded” Coaxial, 200-800 keV

& ™o.1 1 10 100 1000 10000

Pu Mass (g)

Fig 8. Precision of repeated measurements of the effective **Pu fraction for measurements taken with

three detector/measurement combinations.

REFERENCES

1.

Thomas E. Sempson, George W. Nelson, Thomas A.
Kelley, “FRAM: A Versatile Code for Analyzing the
Isotopic Composition of Plutonium from Gamma-
Ray Pulse Height Spectra,” Los Alamos National
Laboratory report LA-11720-MS (December 1989).

Thomas: E. Sampson, George W. Nelson, and
Thomas A. Kelley, "FRAM: A New, Vematile
Gamma-Ray Spectromeuy Code for Measuring the

Isotopic Composition of Plutonium,” Nucl. Mater.
Manage. XIX (Proc. Issue), 420 (1990).

3. Thomas A. Kelley, Thomas E. Sampson, and
Dorothea DeLapp, “PC/FRAM: Algorithms for the
Gamma-Ray Spectromeuy Measurement of Pluto-
nium Isotopic Composition,” to be published in the
Fifth International Conference on Facility Operation-
Safeguards Interface Proceedings to be held in Jackson
Hole, Wyoming, September 24-29, 1995.



